Abstract -A general survey is given of the developments leading to enantioselective hydrogenation catalysts based on phosphinerhodium complexes. The rates and optical yields obtained in ketone hydrogenation strongly depend on the structure of the phosphine ligand and on the phosphorous: rhodium ratio. The results can be interpreted by assuming several parallel catalytic · mechanisms. The addi tion of amines ·often greatly enhances the activity of the catalyst systems which may be used in this form also for hydrodehalogenation and the hydrogenation of nitro compounds. New types of catalysmwhich are based on rhodium carboxylate complexes have been developed. Using chiral carboxylates asymmetric hydrogenation of olefins has been achieved with nonchiral phosphines as ligands.
INTRODUCTION
Rhodium is one of the most scarce among the elements, probably not only in the earth crust, but also in the whole solar system (Table 1) . This should predestinate it to be a laboratory curiousity nevertheless it has gained industrial importance in recent years even as a homogeneaus catalyst which is the more interesting since the problems associated with regeneration argue highly in favour of low-price chemieals in .such cases. 
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Two large scale petrochemical processes based on rhodium complexes as catalyst have been developed in recent years. The first of these was the synthesis of acetic acid from methanol and carbon monoxide (1-3)
[Rh{CO) 2 I 2 ]-,CH 3 I CH 3 0H + CO 200°, 30 bar (99%) which is a technology of Monsanto. The secend was the low-pressure hydrofomylation process with a high selectivity for normal butyraldehyde developed by Union Carbide, Dawy Powergas and Johnson Matthey (4-6) CH 3 cH 2 cH 2 CHO+CH 3 fHCHO CH 3 10 1
Both processes have been realized in large capacity plants and replace earli,er technologies based on cobalt complex catalysts requiring more drastic conditions and showing significantly lower selectivity.
The event, which gave the most important impetus to the development of homogeneaus catalysts based on rnodium complexes was the discovery of Rh(PPh 3 ) 3 cl as a catalyst for olefin hydrogenation by Wilkinson and his school (7). During the successive years this compound often simply referred to only as " Wilkinson's complex" was recognized to show catalytic activity for an amazing variety of organic reactions like hydrogenations, isomerisations, carbonylations, oligomerizations, etc. It is impossible to give even a brief account of these in this short compilation.
The most probable mechanism of olefin hydrogenation with Rh(PPh 3 ) 3 cl as catalyst (8) is shown in Figure 1 . It is generally accepted, that the catalytic cycle is including species with only two phosphine ligands in the coordination sphere of the rhodium atom and the third phosphine ligand may be replaced also by other (e.g.solvent) molecules. The catalysts developed later are· in most cases based on tqis assrimption. · j--tH The next important step towards those catalyst systems I should like to t~eat in some more detail was dpne by Sajus and coworkers (9) who recognized the possibility of preparing a large variety of Rh(I)-phosphine complex catalysts in solution ("in situ") by hydrogenating [Rh(C2H4)2ClJ 2 in the presence of phosphines in the reaction mixture:
The coordinated solvent molecule is easily replaced by the olefin and obviou&y the same catalytic cycle as shown for Rh(PPh 3 ) 3 cl can evolve in such systems.
In this way a vast nurober of catalitically active rhodium complexes became accessible. This development was further supported b~ the work of Schreck and Osborn (10) who found the cationic [Rh(diene)(PR 3 ) 2 J A-complexes easy to prepare and to be highly active catalysts for hydrogenation. With these resu~s a broad foundation was laid for the successive evolution of a nurober of selective hydrogenation catalysts based on phosphine complexes of rhodium.
A spectacular achievment using these possibilities was the realization of a~ metric hydrogenation by Horner (11) and Knowles (12} who applied chiral phosphines as ligands. Asymmetrie induction is made possible in this case by the fact that both the phosphine and the olefin are coordinated to the same rhodium atom at one stage of the catalytic cycl~. If the phosphine is chiral two intermediate complexes of the type RhH 2 (PR 3 ) 2 (olefin)X may be formed depending on with which of its two enantiotopic faces the prochiral olefin coordinates to the rhodiUm atom. These two complexes are diastereemers of each other and therefore the two parallel reaction pathways leading to the two .enantiomers ( An industrial application of this promising possibility for the catalytic synthesis of chiral organic compounds followed quickly: Monsanto was successful in developing a conunercial process for the synthesis of L-DOPA, one step of which is based on this principle (13,14):
Ph Asymmetrie hydrogenation using rhodium complex catalysts whith chiral phosphines as ligands has become in recent y~ars one.of the most intensively investigated fields of homogeneaus catalysis and our own results which I shall .treat in the following sections also refer in most cases to this subject.
HYDROGENATION OF KETONES -
The hydrogenation of ketones with rhodium phosphine complex catalyst was first achieved by Schreck and Osborn (15) using [RhH 2 (PR 3 ) 2 (solvent)]+ complexes containing alkyl phosphines. Later we found that tne "in situ" catalyst systems prepared from [Rh(diene)Cl]2 complexes and such phosphines were also active catalysts for ketone hydrogenation (16), but PPh 3 yielded a catalytically inactive system. Apparently being rather sensitive to the structure of the phosphine, ketone hydrogenation promised to be a useful model to investigate relationships between ligand structure and catalytic activity of rhodium phosphine complexes (17). As a measure for the electronic parameter of the phosphine PR 3 the infrared CO stretching frequencies of Rh(CO)(PR 3 ) 2 cl complexes were chosen since these complexes are rather similar to the probable intermediates of the catalytic cycle. The catalytic activity of the complexes formed "in situ" from The data in Fig.3 . show a clear maximum at PEt 3 .P(III)-ligands which are weaker 6 -donors (o:t stronger 1' -acceptors) than PEt3 yield lower activity catalysts mainly because of the electronic parameter: the hydrogenation of ketones needs more basic phosphines (15). On the other band the electron donating power of the ligands can be increased above that of PEt3 only by attaching larger or branched alkyl groups to phosphoraus which, however, strongly increase steric hindrance and ultimately lead to completely inactive catalysts.
The tri-n-alkyl phosphines having approximately the same basicity even show some quantitative correlation, the turnover being inversely proportional to the molecular weight of the ligand: This latter result is somewhat surpr1s1ng, since the ligand cone angles of these phosphines -as defined by Tolman (18) -are also identical and accordingly also their steric requirements are .usually regarded as being the same. Obviously this latter approximation is false since due to their thermal movement the longer alkyl chains may cover a larger part of the coordination sphere around the rhodium atom.
All unsymmetrical ketones are prochiral compounds accordingly asymmetric hydrogenation may become a useful method to prepare optically active secondary alcohols. Already our first results did prove that the catalysts prepared "in+ situ" give better optical yields than the cationic compleXes [Rh(diene}(PRJ}2J Aused earlier if the same phosphines are applied (16). This observation suggesed at least two different mechanisms operating, and investigating the assymetric hydrogenation of acetophenone 
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In the case of the monodentate BMPP the.6ptical yield depends not only on the ionic or non-ionic character of the catalytic complex but also on the P:Rh ratio. We assume that there are at least three catalytic cycles operating in the case of a monodentate phosphine, the principal active species of which and their relation to each other and to the startirig complexes are shown below:
1 The active catalysts (I)-(III) all can coordinate a ketone molecule by releasing a solvent ligand but complex (IV) formed in the non-ionic "in situ" system is unable to do so because it is already a 6-coordinate 18-electron species.
At first sight the catalysts obtained from the bidentate DIOP seem to be less variable since if two such phosphine molecules coordinate to rhodium, the catalytically inactive [Rh(DIOP) 2 J+ or Rh(DIOP)2Cl complexes are formed. It was found however, that adding a monodentate phosphine to the "in situ" Rh-DIOP catalyst new combinations may be formed as shown by the dramatic influence of some achiral monophosphines on the optical yields (Table 3) . 
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To investigate this phenomenon further, two series of experiments were performed with the "in situ" catalyst system with varying PBu~:(+)-DIOP ratlos: in one of these the I: P:Rh ratio was kept at 2:1 and in the other at 3:1. The optical yields achieved are shown in Figure 4 . Keeping the r P:Rh ratio at 3:1 a completely different picture was observed.
Apparently a new catalytic cycle with intermediates containing both phosphine ligands is operating at Rh:DIOP:PBu~ = 1:1:1 and the intermediates of this pose different steric requirements on the coordination of the acetophenone molecule. At other Rh:DIOP:PBu~ ratios the optical yields are obviously determined by the simultaneaus action of the only (+}-DIOP or PBu~ containing catalytic cycles and this "mixed-phosphine-cycle" in a similar way as in the case of the experiments with 1: P:Rh = 2:1.
The character of this "mixed-phosphine-cycle" is suggested by H2-absorption measurements. The catalyst solution obtained with (+)-DIOP alone (1: P:Rh = 2:1) absorbed about 2 moles of H2 and that obtained from (+}DIOP and PBu~ (l:P:Rh = 3:1; DIOP:PBuq:Rh = 1:1:1) about 3 moles of H2 per mole of rhodium added in the form of [Rh(NBD}ClJ2. This shows, that in the system containing only (+}-DIOP no stable rhodium dihydride is being formed and H 2 is consumed only for the hydrogenation of the diolefin ligand whereas in the catalyst solution obtained by simultaneously applying (+}-DIOP and PBu~ rhodium is transformed into a dihydride complex. It has recently been shown, that such a difference is characteristic for bidentate and monodentate phosphines, because only the trans bis monophosphine rhodium complexes add molecular hydrogen but the cis isomers which are necessarily formed from bidentate diphosphines do not Tll).
Accordingly our results suggest that the cycle involving non-ionic intermediates of type (I) and which is responsible for the catalytic activity of the "in situ" catalyst systems may be differentiated into two variants depending an whether the two phosphoraus ligands are trans or cis to each other in the key complexes. CATALYSTS MODIFIED BY AMINES The examples above may already give an idea of the variability of rhodium phosphine complex catalysts. Obviously, the nurober of variants increases considerably if other types of ligands are also added to these systems. One of the possibilities lying near at band is to use amines besides (or instead) of phosphines.
As already mentioned, triphenyl phosphine containg catalysts are practically inactive for ketone hydrogenation. We found, however, that adding triethyl amine to these solutions, the catalytic activity is increased dr.amatically. Even the Wilkinson complex, Rh(PPh 3 )3Cl becomes a useful catalyst for the hydrogenation of ketones in the presence of Et 3 N. With the DIOP containing catal~st, both activity and enantioselectivity are significantly altered by Et 3 N (Table 4) . (22) This surprisingly large increase in activity suggested to try these rhodium + + phosphine + amine systems also for such hydrogenation reactions which are usually not easily performed using homogeneaus catalysts. As a first trial, aromatic nitro compounds were investigated and reasonable reaction rates could be achieved under mild conditions (23). As can be seen from Table 5 , the best catalysts were obtained if besides adding Et 3 N an unusually low P:Rh ratio of 1.2:1 was used. This suggests that in these reactions not [RhH 2 (PR 3 ) 2 (s)XJ or [RhH2(PR 3 ) 2 (s)2J+ type complexes are the active species. The rhodium + PPh 3 + + Et 3 N catalyst was successfully applied for a nurober of aromatic nitro compounds (Table 6) . . The res.ult of the experiment with p-chloro nitrobe·nzene is of interest the chief product being aniline instead of p-chloro aniline. This suggested that our catalysts may eventually be used for hydrodehalogenating organic halides with molecular hydrogen. This assumption could be verified for both aliphatic and aromatic halogen compounds (Table 7 ) ( 24 ) .
• Even a slow hydrogenation of benzene to cyclohexane takes place with PBu 3 and Et 3 N containing catalysts (22). As far as this problern ean be unambigously settled, all Et 3 N-modified systems were dark brown but homogeneous, clear solutions containing no precipitated metallic rhodium.
It is of course appropriate to ask about the nature of these apparently highly active catalyst systems. Up till now we have one clear-cut information: using at least 4 moles of PPh3 per mole rhodium the well known complex RhH(PPh3)4 precipitates from the solutions. This means that one of the functions of Et 3 N is to promote hydrogenolysis of the Rh, Cl bond by neutralizing the HCl formed:
We are currently investigating wether the amine is at the same time also functioning as a ligand.
CARBOXYLATO COMPLEXES AS HYDROGENATION CATALYSTS
In some experiments using cinnamic acid as an olefinic substrate we observed the formation of a colorless. precipitate which could be ident.ified as cinnamato-bis{triphenylphosphine) rhodium dihydride. Starting from this observation some oth& complexes of the type RhH2(PPh 3 ) 2 (oOCR) could be prepar.ed (25):
Based on IR and NMR data we proposed the octahedral structure shown on Figure  5 . for these complexes. Not unexpectedly, these phosphinerhodium complexes proved to be good catalysts for olefin hydrogenation, in some cases their activity even surpassed that of the classical RhCl(PPh~)3 (Table 8 ). This called our attention of rhodium carboxylates as potent1ally useful hydrogenation catalysts and we searched for a method which would make different phosphinerhodium carboxylates easily accessible (26). The most promising raute appeared to be to use [Rh(diene)OOCR]2 complexes as starting compounds and prepare the desired complexes "in situ" by reacting with phosphines under hydrogen. In this way many different RhH 2 (PR 3 ) 2 (oOCR) type compounds could be formed and their activity and selectivity be studied.
Carboxylates prepared from chiral carboxylic acids appeared to be particularly interesing in this respect since they may be useful as catalysts for asymmetric hydrogenations. Many chiral carboxylic acids are cheap and rather common materials and may offer thus a more easy raute to enantioselective catalysts than chiral phosphines which are hard to synthetize and accordingly rather.expensive.
Analogously to the first synthesis of [Rh(COD)(OOCMe)~ by Chatt (27) , [Rh(COD)(OOCR)l2 complexes may be prepared most easily from [Rh(COD)Cll 2 and some metal salt of the appropriate carboxylic acid. Following the method of Usön (28) we used the Ag salts for this purpose. Dimeric carboxylates were prepared in this manner starting from CH 3 coOAg ,. the Ag sal t of L-( +) -mandelic acid and the mono salt of dibenzoyl-(+)-tartaric acid.
The acetato rhodium dimer was found to be an active catalyst for olefin hydrogenation in the presence of different alkyl or aryl phosphines. Highest rates were achieved with a P:Rh ratio of about 2:1 siinilarily to the "in situ" systems prepared from [Rh(diene)Cl]2 complexes.
The activity of the catalysts obtained from [Rh(COD)(OOCMen and PPh 3 or PBu 3 for the hydrogenation.of several olefins is shown by'the data of Table 9 . Comparing Tables 8 and 9 it can be seen that the "in situ" catalysts obtained from the acetate complex are also comparable to the classical Wilkinson catalyst: for some olefins they are less, for others more active that the latter. Rhodium complexes containing chiral carboxylic acids have not been used up till now as catalyst and the only catalyst with a chiral carboxylato ligand applied for asyllUIIetric hydrogenati6n is the ruthenium complex RuH(PPh 3 ) 3 (mandelate) prepared from R-(~)-mandelic acid. ~his latter catalyst however, showed only low enantioselectivity: 0.4% optical yield was achieved in the hydrogenation of 2-ethyl-1-hexene (29).
We tested the two chiral rhodium carboxylato complexes prepared from L-(+)--mandelic acid and (-)-dibenzoyl tartaric acid in the presence of different phosphines for the hydrogenation of ()(. -acetamido cinnamic acid methyl ester and obtained the results shown in ~able 10. As can be seen the catalysts formed from the rhodium mandelate complex and aliphatic phosphines show the best enantioselectivity allthough the optical yields are generally rather low.
A significant advantage of some of these new catalysts is their rather high activity: turnovers araund 20 min-l were often observed. These catalysts therefore show·reasonable effectiveness with respect to their "chiral productivity" which we defined as the moles of chiral molecules produced per male of chiral catalyst component and unit time.
CONCLUSIONS
Rhodium is obviously one of the most versatile metals in homogeneaus catalysis and its significance will certainly increase in the years to come. Phosphines had a dominant role in the developments of rhodium chemistry in the last decade because in this way the practically limitless possibilities of organic chemistry could be used in developing new and new homogeneaus catalysts. Same of the werk shown here demonstrates that also other types of organic molecules like amines or carboxylic acids may be used to shape the catalyst and this significantly broadens the variety of potentially useful complexes. Perheaps only a few spectacular single achievments will characterize future development but a lot of seemingly modest results will surely lead to a orstate of the art" which shall resemble that of enzyme chemistry, both with regard to structures and selectivities of catalysts. ·
